Abstract: This paper presents the laboratory test results of vertical infiltration on two soil columns of finer over coarser soils subject to simulated rainfalls under conditions of no-ponding at the surface and constant head at the bottom. The main objectives were to evaluate the effect of rainfall intensity and duration; and to provide experimental evidence for soil water redistribution and hysteresis. The results show that rainfall intensity had a major effect on infiltration in the finer layer but had limited effect in the coarser layer due to the large difference of saturated permeability between the two layers. A relatively short rainfall duration resulted in a delayed response of pore pressure and water content to the rainfall after its cessation, while a relatively long duration did not result in such a delayed response. The delayed response indicated the redistribution of soil water in infiltration. Different paths of water content versus matric suction were followed during the tests indicating the apparent hysteretic behavior of soil water. In addition, the coarser layer restricted the increase of pore pressure in the finer layer. A minor variation of saturated soil permeability had minimal effect on infiltration.
Introduction
Infiltration of water in unsaturated soils has long been an interest of study in many branches of science and engineering such as soil science, hydrology, and geotechnical engineering. Because the appearance of layered soil is more common than uniform soil in nature with the latter being the exception, vertical infiltration in layered soils has drawn much attention and been studied by many writers ͑e.g., Fok 1970; Ayrol and Parlange 1973; Hachum and Alfaro 1980; Samani et al. 1989͒ , particularly through analytical or numerical methods ͑e.g., Hanks and Bowers 1962; Whisler and Klute 1966; Moldrup et al. 1989; Srivastava and Yeh 1991; Romano et al. 1998; Corradini et al. 2000; Leconte and Brissette 2001͒ , and through experimental methods ͑e.g., Stauffer and Dracos 1986; Serrano 1990͒ . All the studies showed that the transient process of infiltration is complex due to the high nonlinearity of soil water characteristics and soil permeability and various boundary and initial conditions. The complexity is further increased by the hysteretic behavior of soil water interaction ͑e.g., Dane and Wierenga 1975; Serrano 1990͒. One-dimensional vertical infiltration can be described by employing a simplified approach such as the widely used Green and Ampt ͑1911͒ model or using a more complex approach such as the classical nonlinear Richards' equation. Although numerous analytical and semiempirical equations have been developed based on these approaches, most of the infiltration models assume that soil has a uniform initial water content and ponding occurs at the beginning of the infiltration process ͑e.g., Green and Ampt 1911; Mein and Larson 1973͒ . Also, these models in general do not describe the soil water redistribution process and the hysteretic behavior within the unsaturated zone ͑Espinoza 1999͒. Owing to these limitations, it is useful to perform laboratory investigation as an alternative approach of study as intended in this paper.
In the study, laboratory tests of vertical infiltration were performed on two soil columns of finer over coarser soil layers. The soils were subjected to simulated rainfalls of various intensity and duration. Test conditions of no-ponding at the soil surface and constant head at the bottom of the soil column were maintained. Rainfall intensity, pore water pressure, volumetric water content, and drainage rate were measured instantaneously and continuously. The main objectives were to evaluate the effect of rainfall intensity and estimate the effect of rainfall duration on infiltration and to provide experimental evidence for soil water redistribution and hysteresis in the infiltration process. In addition, the role of the underlying coarser layer and the effect of small variation of saturated permeability of soil on infiltration were also examined.
Materials and Methods

Soils and Their Properties
Four soils were used and referred to as Medium Sand, Fine Sand, Clayey Sand I, and Clayey Sand II in the study. Medium Sand was a light brown construction sand and Fine Sand was a light gray beach sand. Clayey Sand I and Clayey Sand II were residual clayey soils of different local formations. The study was part of a research effort of investigating the potential use of the available local soils for some engineering applications, which included slope remediation and soil cover system, involving distinguishable finer over coarser soils. Preliminary tests have suggested that the two clayey soils had very different hydraulic properties than the two sands; and trial tests have showed that finer over coarser layer of these soils were stable with negligible soil particle migration. Therefore these soils were selected for the infiltration tests involving finer over coarser layered soils.
Basic properties of the soils ͑Table 1͒ and soil-water characteristic curves ͑SWCCs͒ have been reported previously ͑Yang et al. 2004a͒. The SWCC, which is also known as soil-moisture retention curve, describes the relationship between volumetric water content ͑ w ͒ and matric suction ͑or negative pore water pressure͒ of the soil. The drying and wetting SWCCs were determined using Tempe pressure cell ͑similar to pressure plate extractor in principle of operation͒ and capillary rise tube, respectively. The test data were best-fit to the Fredlund and Xing ͑1994͒ SWCC equation to develop continuous drying and wetting SWCCs. The saturated permeability ͑k s ͒ of Medium Sand and Fine Sand was investigated using the constant head method ͑ASTM 1997͒. The k s values of Clayey Sand I and Clayey Sand II were obtained from the upward infiltration tests in the soil columns ͑see the section on test results͒.
Infiltration Experiments
The infiltration tests were conducted in a soil column apparatus that has been described in detail by Yang et al. ͑2004b͒ . The apparatus ͑Fig. 1͒ comprised a transparent acrylic cylinder ͑1.0 m high, 190 mm internal diameter͒ for containing soils, a tensiometer-transducer system for pore-water pressure head ͑h p ͒ measurements, time-domain reflectometry ͑TDR͒ for w measurements, and weighing balance for drainage measurements. A TDR system normally consists of a step pulse generator, a coaxial cable, and a waveguide ͑water content probes͒. The step pulse generator produces an electromagnetic pulse that propagates along the coaxial cable to the wave-guide installed in the soil. The propagation time of the wave is inversely proportional to the velocity of the electromagnetic wave. The velocity is related to the apparent dielectric constant of the soil, which is uniquely correlated to w of the soil. By registering the propagation time, w of the soil can be determined ͑e.g., Trichês and Pedroso 2002͒. The accuracy of the TDR was found to be generally within ±0.03 for w ͑Yang et al. 2004b͒ .
Simulated rainfalls of desired intensity ͑q͒ and duration were applied to the surface of the soil column by dripping water from four outlets. The water was spread using a layer of filter paper that was in contact with the soil surface. Verification tests suggested that rainfall was essentially distributed evenly on the soil surface ͑Yang et al. 2004b͒. The top of the soil column was covered when there was no application of rainfall in order to prevent evaporation. The water table was maintained constant at the bottom of the soil column, which formed the lower boundary condition during the infiltration tests.
Two soil columns, i.e., the column of Clayey Sand I ͑650 mm thick͒ over Medium Sand ͑350 mm thick͒ and the column of Clayey Sand II ͑600 mm thick͒ over Fine Sand ͑400 mm thick͒, were constructed and referred to as columns CM and CF, respectively. The soil columns had controlled dry densities equal to those used for the basic soil property tests ͑such as SWCC tests͒. The soil columns were first set up and then saturated by permeating water from the bottom of the column. A number of infiltration tests were then carried out in each soil column as summarized in Table 2 . 
Test Results and Discussions
Results from Clayey Sand I over Medium Sand "Column CM… In the soil column of Clayey Sand I over Medium Sand ͑Column CM͒, an upward infiltration test CM-U was first conducted after the saturation of the soil column. The average k s value for Clayey Sand I was calculated from the overall hydraulic gradient and was found to be 1.5ϫ 10 −6 m/s ͑Table 1͒. Rapid drawdown of the water table ͑Test CM-D, Table 2͒ was conducted by lowering the water table from a hydrostatic condition where the water table was at the top of the soil column ͑z = 1.0 m͒ to the bottom of the soil column ͑z =0͒. The pore water pressure head ͑h p ͒ profile reached a hydrostatic condition in the entire soil column after 16 days. This formed the initial condition for the subsequent rainfall test of CM-R1.
Test CM-D was followed by three rainfall tests of CM-R1, CM-R2, and CM-R3 with different rainfall intensities ͑q͒ ͑Table 2͒. All tests were started from hydrostatic conditions. The q applied in these tests were larger than the k s ͑1.50ϫ 10 −6 m/s͒ of Clayey Sand I. A water table was maintained at the bottom of the soil column ͑z =0͒ throughout all the tests. Runoff of rainwater at the soil surface was allowed for all the tests. The h p profiles of Test CM-R1 are presented in Fig. 2 . The results show that h p increased after the rainfall was applied and decreased after the rainfall was stopped. A large change of h p occurred in the finer layer. Similar h p profiles were also observed in Tests CM-R2 and CM-R3. The measurements for w of Clayey Sand I for Test 
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Runoff Note: CMϭClayey Sand I over Medium Sand; CFϭClayey Sand II over Fine Sand; h p ϭpore water pressure head in meter; and k s ϭsaturated permeability of Clayey Sands I and II obtained in Tests CM-U and CF-U, respectively. All rainfall tests started from hydrostatic condition. No evaporation was allowed at the top of the column after rainfall was stopped. CM-R1 are presented in Fig. 3 . The results show that w near the surface ͑z = 0.91 m͒ increased sharply during the rainfall and decreased shortly after the rainfall was stopped; while w for the lower portion of the soil ͑z = 0.75 and 0.59 m͒ increased and decreased at a delayed time and at a slower rate as compared with those for z = 0.91 m. Similar responses of w were also recorded for Tests CM-R2 and CM-R3.
The measurements of w of Clayey Sand I were plotted against the matric suction of the soil that were computed from h p for tests of CM-D and CM-R1 ͑Fig. 4͒. Fig. 4 shows that the response of the soil-water characteristics during the drawdown of the water table was close to the drying SWCC. SWCC associated with the wetting and drying processes of the rainfall test of CM-R1 were also different indicating the phenomenon of hysteresis. In addition, the drying process of Test CM-R1 which started from an unsaturated condition did not follow the drying process of Test CM-D which started from a saturated condition. All these observations indicate that SWCCs obtained from the rainfall tests are the secondary curves or the so-called scanning curves. The relation of w versus matric suction in a soil is not unique, but is related to the drying and wetting histories of the soil.
Results from Clayey Sand II over Fine Sand
"Column CF… In the soil column of Clayey Sand II over the Fine Sand ͑Column CF͒, an upward infiltration test, CF-U, was first conducted after saturation of the soil column. The average k s value of the Clayey Sand II was calculated from the overall hydraulic gradient and was found to be 8.8ϫ 10 −7 m/s ͑Table 1͒. Rapid drawdown of the water table ͑Test CF-D͒ was conducted by lowering the water table from the top of the soil column to the bottom of the soil column. The h p profile reached a hydrostatic condition after 4.5 days.
Test CF-D was followed by five rainfall tests in sequence, namely CF-R3, CF-R4, CF-R5, CF-R1, and CF-R2 ͑Table 2͒. All five tests were started from hydrostatic conditions with the water table being maintained at the bottom of the soil column. Tests CF-R1 and CF-R2 had different values of q that were smaller than k s of Clayey Sand II, while Tests CF-R3, CF-R4, and CF-R5 had different values of q Ͼ k s ͑Table 2͒. In the cases of q Ͼ k s , the soil surface was controlled under a condition of no-ponding. The h p profiles developed in all the five tests had similar characteristics. However, the h p in the soil was always negative when q Ͻ k s as shown in Fig. 5 for Tests CF-R1 and CF-R2, even when a steadystate infiltration was reached. The h p profiles developed in Tests CF-R4 and CF-R5 were particularly similar to those in Test CF-R3 ͑Fig. 6͒, in which the h p in the soil reached zero at the soil surface and were negative below the soil surface. In addition, a prolonged rainfall was applied in CF-R5 ͑Fig. 7͒ and a steadystate infiltration was reached in the test.
The w of Clayey Sand II was also plotted against matric suction of the soil for Tests CF-D and CF-R3 ͑which immediately followed Test CF-D͒ ͑Fig. 8͒. Similarly, different paths for the drying and wetting processes were followed during the infiltration tests, and hysteresis was exhibited again. The drainage rate versus time was also measured for the tests. For example, one of the recorded results is illustrated in Fig. 9 for Test CF-R2. It shows that drainage occurred soon after the rainfall began. Drainage rate increased continuously until steady-state infiltration was reached and decreased continuously after the rainfall was stopped until hydrostatic condition was reached. At steady-state infiltration, the drainage rate became the same as the rainfall intensity. Also interestingly, during the wetting process ͑rainfall application͒, the increase in the drainage rate was fast at the initial stage, and slowed down when the steady-state was approached. On the other hand, during the drying process ͑after the rainfall was stopped͒, the decrease in the drainage rate was fast at the beginning, and then slowed down when the hydrostatic condition was approached. These observations can be related to the hydraulic properties and hydraulic gradient of the soil. During the infiltration, the permeability increased rapidly and the hydraulic gradient was large. As a result, the drainage rate increased significantly at the beginning of infiltration. Towards the steady state, the rate of the increase in the permeability and the hydraulic gradient became smaller until the permeability and the hydraulic gradient approached constant values. As a result, the increase in the drainage rate slowed down until the drainage rate became constant. During the percolation ͑the drying process͒ when the rainfall was stopped, the permeability and the hydraulic gradient decreased rapidly resulting in the rapid decrease in the drainage rate until the drainage rate became essentially zero. In addition, the increase in the permeability during the infiltration did not follow the same path as the decrease in the permeability during the percolation because of the hysteresis. The nonlinearity and hysteresis of the permeability and soil water characteristics resulted in the "unsymmetrical" shape of the curve of drainage rate versus time ͑Fig. 9͒.
Results from Clayey Sand II "Single Layer Soil…
In the soil column of Clayey Sand II over Fine Sand ͑Column CF͒, rainfall tests were also conducted with the water table being maintained at the bottom of Clayey Sand II ͑z = 0.40 m͒. Since the underlying Fine Sand was saturated, these tests could be considered as infiltration tests in a single soil layer of Clayey Sand II. Six rainfall tests were conducted by applying rainfalls of different q and duration on top of the soil column ͑Table 2͒. The q values were smaller than k s of Clayey Sand II in Tests CF-Rb1 to CF-Rb3 while they were larger than k s in Tests CF-Rb4 to CF-Rb6. Steady-state infiltrations were achieved in Tests CF-Rb3 and CF-Rb6 ͑Fig. 10͒. In general, h p profiles developed in all six tests were similar. The h p profiles developed in Tests CF-Rb1, CF-Rb2, and CF-Rb3 were more similar to each other, where h p was always negative, even under a steady-state infiltration as in Test CF-Rb3. The h p developed in Tests CF-Rb4 and CF-Rb5 were zero at the soil surface and negative below the soil surface. The h p profile in CF-Rb6 ͑Fig. 10͒ essentially became zero throughout the entire layer after the prolonged rainfall with q Ͼ k s .
Effect of Rainfall Intensity
In an infiltration process, the infiltration capacity ͑the maximum rate at which a given soil can absorb water͒ varies with time and decreases approaching a minimum value approximately equal to k s as the infiltration process continues ͑Espinoza 1999͒. Therefore q can be compared with k s of the soil to examine the effect of rainfall on infiltration. In the rainfall test, when q was smaller than the k s of the finer layer ͑k sF ͒ of the layered soils or the k s of a single-layer soil ͑k sF ͒, i.e., ratio q / k sF Ͻ 1, all the rainwater that was applied to the soil surface infiltrated into the soil system and no runoff occurred during the tests ͑Tests CF-R1, CF-R2, CF-Rb1, CF-Rb2, and CF-Rb3, see Table 2͒ . The results showed that h p in the soil was always negative, even under a prolonged rainfall ͑or steady-state infiltration as in Tests CF-R1, CF-R2, and CF-Rb3͒. In addition, the larger the q / k sF ratio, the faster the increase in h p in the soil during the rainfall and the higher the h p that developed when steady-state infiltration was reached ͑Tests CF-R1 and CF-R2 in Fig. 5͒ . Also, all the rainwater constantly drained out of the soils at steady-state infiltration and the drainage rate was equal to the q value ͑Fig. 9͒.
When q Ͼ k sF of the layered soils ͑Tests CM-R1, R2, R3 and Tests CF-R3, R4, R5͒ or q Ͼ k s of a single-layer soil ͑Tests CF-Rb4, Rb5, and Rb6͒, i.e., when q / k sF Ͼ 1 ͑Table 3͒, the situation was more complicated. In all these tests, runoff occurred during the rainfall but only after the rainfall was applied for a certain period. For example, in Test CM-R1, runoff started at about t = 1 h, in CF-R3 at about t = 2 h, and in CF-Rb5 at about t = 1 h. These observations indicated that the infiltration rate ͑v͒ at the initial stage of the tests ͑until runoff occurred͒ was larger than k sF , i.e., v = q Ͼ k sF ͑Table 3͒. This was primarily due to the large h p difference near the soil surface caused by the rainfall, which resulted in large hydraulic gradient and large v. However, as rainfall continued, runoff occurred and h p increased to zero at the soil surface. For a prolonged rainfall with q / k sF Ͼ 1, the results ͑Test CF-R5 in Fig. 7͒ showed that zero h p developed at the soil surface and down to a depth of 0.15 m. These results suggested that when q Ͼ k sF and runoff started, only part of the rainfall infiltrated into the soils. This might further suggest that the increase in q has no further effect on infiltration under runoff condition. On the other hand, the test results showed that the rainfall with larger q / k sF caused a faster increase of h p in the soils, which was revealed in Tests CM-R1, CM-R2, and CM-R3 ͑Table 2͒; Tests CF-R3, CF-R4, and CF-R5 ͑Fig. 7͒; and Tests CF-Rb4 and CF-Rb5 ͑Table 2͒. The reason for the faster increase of h p with rainfall of larger q could be due to the faster increase in the amount of the pore water.
The effect of q as discussed above was also consistent with Dunin ͑1976͒, who found that when q Ͻ k s , no-ponding infiltration occurs and the soil surface is unsaturated. When q Ͼ k s , preponding infiltration first occurs with h p at the soil surface remaining negative. As time elapses, ponding infiltration starts or runoff occurs.
In the coarser layer, the maximum v that can be achieved under the surface run-off condition is limited to k sF , since k sF is much smaller than k s of the coarser layer ͑i.e., k sC , Table 3͒ . Therefore, when q Ͻ k sF , all the rainfall infiltrates through the finer layer and then flows into the coarser layer. The flux relative to k sC that is indirectly applied to the coarser layer is equal to q / k sC . This was the case in Tests CF-R1 and CF-R2, for which the relative flux was 0.0006 and 0.0012, respectively ͑Table 3͒. On the other hand, when q Ͼ k sF , only part of the rainfall infiltrates into the soil system and the relative flux to the coarser layer is limited to the k s -ratio between the finer and coarser layer ͑i.e., k sF / k sC ͒. This occurred in Tests CM-R1, CM-R2, and CM-R3, and the relative flux was limited to 0.0075 ͑Table 3͒. Similarly, in Tests CF-R3, CF-R4, and CF-R5 where q Ͼ k sF in each test, the relative flux for the coarser layer of Fine Sand was also limited to k sF / k sC of the soil column CF ͑i.e., 0.0033, Table 3͒ . However, either q Ͻ k sF or q Ͼ k sF , q / k sC in all tests were small ͑0.0075 in column CM, less than 0.0033 in column CF͒, i.e., the fluxes that were applied to the coarse layer indirectly were small as compared with the k s of the coarser layers ͑k sC ͒. Small relative flux can cause only a small increase in h p , therefore, h p in the coarse layers in these tests essentially did not change, or the changes were too small to be observed. As a contrast, the relative fluxes applied to the finer layers were generally large ͑see q / k sF in Table  3͒ resulting in a large increase in h p in the finer layers. These observations indicated that rainfall intensity had limited effect on the coarser layer as compared with the effect on the finer layer in the layered soils having large different k s . 
Role of Underlying Coarser Layer during Infiltration
The test results show that the coarser layer restricted the increase in h p of the finer layer near the soil interface. For example, h p in the finer layer was maintained at a low value, especially for the zone close to the soil interface, in Tests CM-R1 ͑Fig. 2͒ and CF-R3 ͑Fig. 6͒, although q was larger than k s of the finer layer in these tests. Similar low h p also occurred under a prolonged rainfall in Test CF-R5 ͑Fig. 7͒. The effect of restriction was more evident when test result in a single-layer soil ͑Fig. 10͒ is examined, in which h p easily increased to a high value close to zero; or became zero in the entire soil when q was larger than k s under a prolonged rainfall condition. This was because there was no underlying coarser layer to restrict the development of h p .
The role of the coarser soil layer relied on the large difference in hydraulic properties of the soils across the soil interface, which was mainly due to the sharp contrast in soil particle size. The sharp contrast caused the small k s -ratios of the soils ͑0.0075 and 0.0033, Table 3͒ . The small k s -ratio resulted in low h p in the coarser layer near the soil interface by limiting the infiltration rate, as discussed previously. Since h p has to be the same in both finer and coarser soils at the soil interface due to continuity, the development of h p for the lower portion of the finer soil was thus "restricted" by the underlying coarser soil layer.
Effect of Rainfall Duration: Two Types of Transient Process
In this study, two types of transient infiltration process, namely, Types A and B, were demonstrated after the cessation of rainfall. The two types of infiltration could be represented by Tests CM-R1 and CF-R3, respectively. For Type A infiltration ͑Test CM-R1͒, the h p profiles ͑Fig. 2͒ for different time steps intersected each other after the rainfall was stopped. For example, the h p profile for t = 1 day intersected the h p profile for t = 3 days at the elevation of z = 0.65 m. The intersections of h p profile indicated that there was an increase in h p at the lower portion ͑z = 0.35-0.70 m͒ of Clayey Sand I even after the rainfall was stopped. In the plot of w versus time ͑Fig. 3͒, there was a further increase in w at z = 0.75 m and z = 0.59 m after the rainfall was stopped. w started to decrease at about 2 and 3.5 days of elapsed time for z = 0.75 and 0.59 m, respectively. In the plot of w versus matric suction ͑Fig. 4͒, the wetting path further developed to some extent after the rainfall was stopped, and was then followed by a drying path. This was particularly apparent for z = 0.75 m. In general, the Type A infiltration was characterized by a delayed response of h p and w in the finer layer to the cessation of rainfall.
Type B infiltration ͑Test CF-R3͒, on the contrary, showed a different pattern of transient behavior. The h p profiles ͑Fig. 6͒ at different time steps did not intersect each other after the rainfall was stopped indicating that h p in the finer layer continuously decreased through the entire soil layer. The plot of w versus matric suction ͑Fig. 8͒ showed that the wetting path ended when the rainfall was stopped and was immediately followed by a drying path. This indicated that w started to decrease instantly after the cessation of the rainfall. All these observations suggested that Type B infiltration was characterized by the instant response of h p and w in the finer layer to the cessation of rainfall.
The two types of infiltration as evidenced from the experimental results appeared to agree with the generalized conceptualization of soil water movement, which approximately occurs in three stages, namely infiltration ͑initial process of water entering the soil͒, redistribution, and drainage ͑or recharge͒ ͑Hillel 1980; Ravi and Williams 1998͒. Redistribution occurs as the second stage where the infiltrated water is redistributed within the soil profile after the cessation of the rainfall; and drainage occurs when the wetting front reaches the water table. In the study, the behavior of Type A infiltration ͑Test CM-R1͒ appeared to be close to that of the "redistribution" stage. The redistribution of infiltrated water was revealed by the delayed response of h p and w to the cessation of rainfall in the finer layer, i.e., h p and w further increased before they started to decrease at the lower portion of the finer layer even after the rainfall was stopped. On the other hand, Type B infiltration ͑Test CF-R3͒ was close to that of the "drainage" stage and did not show delayed response of h p and w to the cessation of the rainfall. Values of h p and w continuously deceased after the cessation of the rainfall until hydrostatic condition was reached.
Rigorous analysis of the observations requires analytical and numerical approaches, as infiltration involves complex soil-water interaction coupled with hysteresis and depends on the saturated and unsaturated hydraulic properties of the soils and rainfall conditions ͑e.g., Hillel 1980; Ravi and Williams 1998͒, which is beyond the scope of the paper. However, interpretation of the major factors resulting in the difference between the infiltration Types A and B as observed in the study can be readily given and provide helpful insights. Among the many factors relevant to infiltration, it can be reasonably hypothesized that two factors involving four variables have controlling effect in influencing the types of infiltration, which are relative rainfall intensity and relative rainfall duration. The relative rainfall intensity is the ratio between the values of q and k s of the finer soil layer, i.e., q / k s . The relative rainfall duration ͑T / T 0 ͒ is defined as the actual rainfall duration ͑T͒ divided by the rainfall duration ͑T 0 ͒ that is required to reach steady-state infiltration under the same initial conditions, boundary conditions, and rainfall intensities. These two factors have considered both the major soil hydraulic property of k s and the rainfall conditions ͑intensity and duration͒, thus should dominate the infiltration behavior under specific boundary and initial conditions, though infiltration will not exclude the influence of other factors such as SWCC and hysteresis. Generally, large q / k s and T / T 0 result in high h p as evidenced in some of the test results ͑e.g., Fig. 7͒ and discussed previously.
It is noticed that q / k s was 1.13 for Test CM-R1 and 1.14 for Test CF-R3 ͑Table 3͒, which were coincidently very close; and both tests have similar soil configurations, boundary, and initial conditions, thus it can be deduced that T / T 0 should be the major factor causing the difference between the two types of infiltration. Though the actual values of T / T 0 were not available for the two tests as steady-state infiltrations were not reached ͑Table 2͒, the magnitudes of T / T 0 can still be compared. If the h p profiles at t = 6 h in Tests CM-R1 ͑Fig. 2͒ and CF-R3 ͑Fig. 6͒ are directly compared, it can be found that the h p profile in CF-R3 will be located far right to that in CM-R1, indicating that T / T 0 for CF-R3 is much larger than that for CM-R1. In addition, h p profile at t = 6 h in CF-R3 was quite close to that at t = 36 h in CF-R5 ͑steady-state infiltration͒ ͑Fig. 7͒ under conditions of comparable q / k s ͑Table 3͒, suggesting that Test CF-R3 at t = 6 h was quite close to steady-state infiltration and T / T 0 for CF-R3 was relatively large. Therefore it can be suggested that a relatively small T / T 0 caused the Type A infiltration ͑Test CM-R1, with a delayed response to rainfall͒ and a relatively large T / T 0 caused Type B infiltration ͑Test CF-R3, without a delayed response to rainfall͒. It may also be further suggested that Type A infiltration could become Type B infiltration if T / T 0 in Test CM-R1 was sufficiently large ͑say close to 1͒, i.e., the rainfall duration was made sufficiently long before steady-state infiltration was reached.
In the Type A infiltration ͑Test CM-R1͒, the delayed response of h p and w to the cessation of the rainfall and the redistribution of w have significance in practice. The delayed response of h p and w may affect groundwater discharge and contaminant transport. The continuous increase in h p can also lead to a gradual reduction in effective stress even after the rainfall stops, and results in a delayed slope failure ͑e.g., Jiao et al. 1999; Ng et al. 2001͒ .
Small Variation of Saturated Permeability of Soils
In the soil columns, each layer of the soils was intended to be homogenous and to give a uniform saturated permeability ͑k s ͒ when the soil columns were constructed. However, the upward infiltration Tests CM-U and CF-U showed that there was spatial variation of soil properties which was indicated by the variation of k s in the finer soil layer in each of the soil columns. The result of CM-U ͑Fig. 11͒ showed Clayey Sand I could be divided into three sublayers from the top to the bottom, and k s were found to be 4.6ϫ 10 −6 m/s, 1.9ϫ 10 −6 m / s, and 7.0ϫ 10 −7 m / s for the corresponding sublayers. The average k s value for the soil was found to be 1.5ϫ 10 −6 m/s ͑Tables 1 and 3͒ based on the overall hydraulic gradient when Clayey Sand I was treated as "one" layer. Similarly, the result of Test CF-U showed Clayey Sand II could also be divided into two sublayers, and k s were found to be 1.4ϫ 10 −6 m / s for the upper portion and 5.8ϫ 10 −7 m/s for lower portion of the soil; and the average k s of the soil was 8.8ϫ 10 −7 m / s. Nevertheless, the magnitude of the variation of k s for the finer soils was relatively small, as k s only varied by less than 6.6 times and 2.3 times ͑the ratio between the largest and the smallest k s values for each of the finer soils͒. These values were much smaller than the ratio of k s between the coarser soil and the finer soil, i.e., 133 ͑1 / 0.0075͒ and 303 ͑1 / 0.0033͒ ͑Table 3͒ for columns CM and CF, respectively.
Despite the variation of k s and soil homogeneity in the finer soil layer, the rainfall infiltration tests did not show much response with respect to the variation ͑e.g., Figs. 2 and 5͒. This was because the variation of k s for the finer soil layer alone was small when it was compared with the entire soil column which had a large variation of k s due to the presence of the coarser soil layer. The extent of variation of k s in the finer soil was about two orders smaller than the ratio of k s between the coarser and finer soils. The large contrast between the coarser and finer soils made the variation of soil properties for the finer soil insignificant, and the finer soil itself was essentially "homogeneous" when it was compared with the entire soil column. Similarly, small variation of properties for the coarser soil is also expected to have a limited effect on the behavior of the layered soils when it is compared with the entire soil system, though such variation was not exhibited in the study.
The variation of k s in the soil columns can be attributed to the soil compaction. In practice, such variation could not be completely avoided. In fact, when the upper portion of a soil layer is compacted, the compaction energy can be transmitted to the lower portion which will become denser than the upper portion. As a result, the lower portion will have a smaller k s as exhibited in Tests CM-U and CF-U. However, since such small variation does not affect infiltration behavior of layered soils of large contrasting hydraulic properties, the nonhomogeneity caused by soil compaction becomes unimportant if the compaction is relatively "well" controlled. Also, the number of soil layers for multiple-layered soils, either engineered or natural, can be reduced by grouping some adjacent layers based on the variation of the hydraulic properties ͑especially k s ͒. However, the validity of such treatment has to be judged based on the extent of the variation.
Summary and Conclusions
Laboratory tests of vertical infiltration were conducted on two soil columns of finer over coarser soils and a single-layer soil column subject to various simulated rainfalls under conditions of noponding at the surface and constant head at the bottom of the soil column.
Rainfall conditions had a major effect on infiltration in the finer soil layer. Rainfall with higher intensity and longer duration increased the pore water pressure in the soil more than rainfall with smaller intensity and shorter duration before steady-state infiltration was reached. This was true for rainfall with intensity either greater or smaller than the saturated permeability of the finer layer. At the initial stage of infiltration, the infiltration rate could be higher than the saturated permeability of the finer layer due to the large hydraulic gradient. The pore pressure profile at steady-state infiltration was dependent on the magnitude of rainfall intensity if it was smaller than the saturated permeability of the finer layer and independent of the magnitude of rainfall intensity if it was greater that the saturated permeability of the finer layer.
Rainfall conditions had minimal effect on infiltration in the coarser soil layer due to the large difference of saturated permeability between the finer and coarser soil layers. The finer layer with low saturated permeability limited the flux into the coarser layer and resulted in low pore pressure being maintained in the coarser layer, which in turn restricted the development of the pore pressure in the finer layer. As a contrast, the pore pressure in the single-layer soil could easily become high without restriction because there was no underlying coarser layer.
Rainfall duration resulted in two different types of infiltration process in the finer layer. Relatively short rainfall duration resulted in delayed response of pore pressure and water content to the rainfall after its cessation. Pore pressure and water content further increased before they started to decrease at the lower portion of the finer layer even after the rainfall was stopped. The delayed response indicated the redistribution of soil water in infiltration. On the contrary, relatively long rainfall duration did Fig. 11 . Pore-water pressure head profile in the upward infiltration test of CM U in the column of Clayey Sand I over Medium Sand not result in a delayed response; pore pressure and water content instantly started to decrease after the cessation of rainfall until a hydrostatic condition was reached.
Different paths of water content versus matric suction were followed during drawdown of the water table and rainfall tests. The drying path in the drawdown was relatively close to the drying soil-water characteristic curve. The drying path in the rainfall test after cessation of the rainfall was not the same as the drying path in the drawdown, and was also different from the wetting path in the rainfall test indicating the hysteresis of soil-water characteristics.
Minor variations in soil properties and saturated permeability of the soils as resulted from soil compaction had minimal effect on infiltration, as the contrast in hydraulic properties between the two soils dominated the infiltration.
